Summary: Quality control (QC) is an important part of all NGS data analysis stages. Many available tools calculate QC metrics from different analysis steps of single sample experiments (raw reads, mapped reads and variant lists). Multi-sample experiments, as sequencing of tumor-normal pairs, require additional QC metrics to ensure validity of results. These multi-sample QC metrics still lack standardization. We therefore suggest a new workflow for QC of DNA sequencing of tumor-normal pairs. With this workflow well-known single-sample QC metrics and additional metrics specific for tumor-normal pairs can be calculated. The segmentation into different tools offers a high flexibility and allows reuse for other purposes. All tools produce qcML, a generic XML format for QC of -omics experiments. qcML uses quality metrics defined in an ontology, which was adapted for NGS. Availability and Implementation: All QC tools are implemented in C þþ and run both under Linux and Windows. Plotting requires python 2.7 and matplotlib. The software is available under the 'GNU General Public License version 2' as part of the ngs-bits project: https:/
Introduction
Quality control (QC) of Next-Generation-Sequencing (NGS) data is crucial for the interpretation of sequencing results. The corresponding QC metrics for NGS experiments can be calculated at different stages during bioinformatic analysis (Guo et al., 2013) . Basically, three major steps can be distinguished that are independent from experimental design: raw data generation, read mapping and variant calling. Although various tools are available for QC of NGS raw data, e.g. FastQC (http://www. bioinformatics.babraham.ac.uk/projects/fastqc/), only few include the second, e.g. QualiMap 2 (Okonechnikov et al., 2016) , or third stage of data analysis, e.g. QC3 (Guo et al., 2014) . Most QC tools focus on single sample experiments and QC of multi-sample experiments is not yet standardized. We propose a new QC workflow that includes all stages of single-sample NGS data analysis and adds special QC metrics for DNA sequencing of tumor-normal pairs.
Materials and methods
Our workflow offers a comprehensive approach for quality control of NGS tumor-normal experiments and consists of four separate tools that can be used independently: ReadQC, MappingQC, VariantQC and SomaticQC. All tools are implemented in C þþ and use the library Bamtools to access bam files (Barnett et al., 2011) . Standard file formats are supported and include FASTQ for raw data (Cock et al., 2010) , BAM for mapped data (Li et al., 2009) and VCF for variant lists (http:// www.htslib.org/doc/vcf.html). For full compatibility with SomaticQC, the VCF file must contain one of the following set of format fields: AO (alternate allele observation count) and RO (reference allele observation count) fields that are produced by freebayes (Garrison and Marth, 2012) ; AU/CU/GU/TU (count of the respective alleles) or TIR/TAR (number of reads strongly supporting the indel or the alternate allele) produced by the somatic variant caller strelka (Saunders et al., 2012) .
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Results
The QC process is split into four separate tools to obtain the highest flexibility ( Fig. 1A) : ReadQC gathers information from raw reads, MappingQC from mapped reads, VariantQC from variant lists and SomaticQC combines results from the preceding tools and adds additional QC metrics for tumor-normal experiments. The complete QC pipeline generates basic QC metrics recommended by the European guideline for diagnostic NGS of single samples (Matthijs et al., 2016) . The most important additional metrics for tumor-normal pairs provided by SomaticQC are:
sample correlation -The correlation between tumor and normal sample is calculated based on polymorphisms present in both tumor and normal sample. A low correlation can indicate sample mix-ups.
somatic allele frequencies tumor vs normal -This scatter plot gives an overview of variant allele frequencies in tumor and normal (Fig. 1B) . This plot can give an estimate of tumor content and high variant allele frequencies in normal indicating tumor contamination of normal.
somatic variant signature plot -Skewed transition (Ti) to transversion (Tv) ratio can indicate low-quality variant calls in germline diagnostics. In the somatic setting, the Ti/Tv ratio is dependent on the tumor origin and mutation signature is an important discriminator of tumors and tumorigenesis (Alexandrov et al., 2013) . The somatic variant signature bar plot gives a detailed overview of different mutation types. If a target file containing the chromosomal regions sequenced is used, the counts are normalized for these regions to increase comparability.
somatic variant distance plot -This scatter plot illustrates the distance of somatic variants. It is drawn by default for whole genome sequencing (i.e. if no target file is given). This plot helps to identify regions with untypically high or low number of variants, which can indicate tumor-specific events (e.g. kataegis) or technical issues.
The default output of all four tools is qcML. This very generic and highly adaptable format is a derivative of the eXtensible Markup Language (XML) and was initially published for QC of mass spectrometry experiments (Walzer et al., 2014) . The corresponding vocabulary is defined in the Open Biological and Biomedical Ontologies (OBO) knowledge representation language and was extended with QC metrics for NGS. qcML files can be rendered in a human-readable form in web browsers using an embedded XSLT script (tested in Firefox, Chrome and Opera). All QC tools also offer tab-delimited text as output format.
In summary, we present a comprehensive QC workflow for NGS experiments of tumor-normal pairs. Besides standard, singlesample-centered QC metrics, several valuable metrics with focus on DNA sequencing of tumor and normal pairs are added. The output of all QC tools is available in both qcML and tab-delimited text format. Further documentation and an exemplary dataset can be found online (https://github.com/imgag/ngs-bits/).
